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Top Quark Phenomenology
Rikkert Frederix
Institute for Theoretical Physics, University of Zurich, Zurich, Switzerland
In this talk three 2-sigma deviations from the Standard Model predictions in the top quark sector
are briefly discussed. These are the excess of events in the tail of the HT distribution in tt¯ events,
the top-quark charge asymmetry and the discrimination of s- and t-channel events in single top.
The latter has only been observed by CDF, while the other two are found by both CDF and DØ.
I. TOP QUARKS AT THE TEVATRON
Everything we know about the top quark is coming from the experiments at the Tevatron collider at Fermilab.
Since its discovery in 1995 [1, 2], many of its properties have been firmly established over the years. The most precise
measurements are its mass [3] and cross section [4, 5], but results for other observables and properties of the top
quark are improving as well. This includes: the top pair invariant mass distribution [6, 7], the forward-backward
charge asymmetry [8, 9], the top quark width and its lifetime [10, 11], the branching fraction to Wb compared to
Wq [12, 13], the W -boson helicity fractions [14, 15], spin correlation in the top quark pair production [14, 16], the
top pair production mechanism (gg versus qq¯ initial state) [17], the top quark’s electric charge [18, 19], the mass
difference between top and anti-top quarks [20, 21], the total single top cross section [22] including bounds on the CKM
matrix element |Vtb| [22] and discrimination between the single-top s- and t-channel production mechanisms [23, 24].
Furthermore there have been many searches for new physics in the top quark sector, such as: resonant contributions
to the tt¯ production [6, 7], search for fourth generation t′ and b′ quarks [25, 26], scalar top admixture in tt¯ events [27],
top decays to charged Higgs bosons [28, 29], W ′ and H+ resonant contributions to s-channel single top [30–32],
anomalous Wtb couplings [33], production via a FCNC (u(c) + g → t) [34, 35] and decay in t→ Zq [36].
All measurements are in agreement with the Standard Model expectations within uncertainties. There are, however,
three measurements that are slightly off: in the search for t′ quarks, the tail of the HT distribution has a small excess
of events, the top quark charge asymmetry is more pronounced than expected and the discrimination of the s- and
t-channel cross section in single top is off by more than 2 sigma (CDF only). In the rest of this talk I’ll give my
personal view on these three experimental results.
II. THE THREE 2-SIGMA DEVIATIONS
A. The Tail Of The HT Distribution
The HT observable is defined as the scalar sum of all transverse energies of the jets, leptons and missing ET and is
a measure for the overall scale of the process. Recently both CDF and DØ have updated their analysis for the search
of heavy fourth generation quarks, in particular in t′, i.e. a fourth generation top quark, that decays predominantly
toW+b. After selection cuts, the HT distribution shows an excess of events in the tail of the distribution. In fig. 1(a),
this distribution is shown for DØ. As can be clearly seen from the last two bins (where the final bin is an overflow
bin and contains also all events with HT > 700 GeV) there are slightly more events than could have been expected
from tt¯, W/Z + jets and multi-jet backgrounds. The inclusion of a heavy t′ quark to the physics model, increases the
number of events in the tail of the distribution and results in a better description of the data. This can also be seen
from the plot in fig 1(b), where for a t′ mass larger than about 350 GeV the observed limit is at the border of the
95% confidence level for the predicted limit. This means that limit on the cross section for t′ pairs is much milder
than expected, which reflects the slight excess of events found in the tail of the HT distribution.
From a theoretical point of view, the tail of the HT distribution is difficult to model, because it is an observable
quite sensitive to higher order corrections, see e.g. Ref. [37]. Furthermore, the approximation of describing extra
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FIG. 1: The HT distribution as measured by the DØ collaboration (a). Observed (red curve) and expected (blue band) limits
on the t′ pair production cross section as a function of the t′ mass as extracted from the data by CDF are shown (b). Figures
are taken from Ref. [26] and [25], respectively.
radiation by a logarithm, as is done in all parton showers, does not capture hard radiation correctly, see e.g. Ref. [38].
Using a CKKW [39] or MLM [40] technique to merge higher multiplicity matrix elements with the parton shower
could help in describing the process. This has been done for the W + jets background, but not for the tt¯ final state
and therefore this might have an impact on the predictions and increase the number tt¯ events in the tail and explain
the slight excess.
Given that the effect is small (2 sigma) and non-trivial to model by Monte Carlo, it is not (yet) significant. More
data, and in particular the LHC with its larger center-of-mass energy, and more refined analyses using matrix-elements
with parton-shower matching will shed light on these effects.
B. Top Quark Charge Asymmetry
In pure QCD production of top quark pairs at hadron colliders, the lowest order prediction shows no preferred
direction for the top and anti-top quarks. When the next-to-leading corrections are taken into account, the interfer-
ence between gluon radiation from the initial state quark line and the top quark line in the qq¯ → tt¯g channel has
a negative contribution to the charge asymmetry, while the contribution from the interference between the virtual
box diagrams and the Born is positive. Furthermore there is a negligible contribution to the charge asymmetry from
the flavor excitation processes qg → tt¯q. Top quark production by gluon fusion is symmetric in its initial state and
therefore does not contribute to the asymmetry.
Quantitatively, the contribution from the virtual corrections is larger, hence the top quarks prefer to go in the
direction of the incoming quark, and the anti-top quarks in the directions of the incoming anti-quark. Including the
(LO) electroweak effects for the Tevatron the charge asymmetry is given by [41, 42]
AFB(lab) = 0.051± 0.006,
AFB(tt¯) = 0.078± 0.009, (1)
where the uncertainties are coming from renormalization and factorization scale dependence and
AFB(lab) =
∫
y>0
Nt(y)−
∫
y>0
Nt¯(y)
∫
y>0
Nt(y) +
∫
y>0
Nt¯(y)
AFB(tt¯) =
∫
N(∆y > 0)−
∫
N(∆y < 0)
∫
N(∆y > 0) +
∫
N(∆y < 0)
, (2)
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are the definition of the charge asymmetry in the lab and the tt¯ rest frames, respectively. Here, Nt(t¯)(y) is the number
of top (anti-top) quarks as a function of the rapidity y and ∆y = yt − yt¯ the difference in rapidities between the top
and anti-top quarks.
Recently, the prediction for the asymmetry in the top pair rest frame has been improved by including threshold
logarithms at all orders and it was found that the results are quite stable under inclusion of these all-order effects [43,
44],
AFB(tt¯) = 0.073
+0.009
−0.007 . (3)
Both the CDF and DØ collaborations measure a non-zero top quark charge asymmetry. CDF finds the following
values [8]
AFB(lab) = 0.073± 0.028 CDF
AFB(tt¯) = 0.057± 0.028 CDF, (4)
while DØ has only performed the analysis for the asymmetry in the top pair rest frame [9]
AFB(tt¯) = 0.08± 0.04 (stat.)± 0.01 (syst.) DØ. (5)
However, these results are uncorrected for hadronization, underlying event, background effects, etc. which makes a
direct comparsion with the predictions, eq. (1) and (3), unfair. The CDF collaboration provides also results corrected
for these effects [8], which enhances the the asymmetry,
AFB(lab) = 0.150± 0.050 (stat.)± 0.024 (syst.) CDF (corrected)
AFB(tt¯) = 0.158± 0.072 (stat.)± 0.017 (syst.) CDF (corrected). (6)
These measurements are almost two standard deviations larger than the theory predictions given in eq. (1) and (3).
Notice that the uncorrected results from CDF and DO are in agreement with each other, and if we assume that the
unfolding to parton level is the same for DØ as it is for CDF, also the asymmetry as measured by DØ is also about
2 sigma from its predicted value in perturbative QCD.
Even though the effect is around two standard deviations, and could therefore very well be a statistical effect, from
the theory point of view many models beyond the SM were studied to see if these effects could be explained by new
physics, see e.g. Ref. [45] and references therein. However, before assigning the large measured asymmetry to BSM
effects, another option should be considered as well. Even though the NLO (i.e. first non-zero) predictions are stable
under all-order resummation of threshold logarithms, this does not take into account that there might be a sizable
effect from higher order virtual corrections, i.e. the two loop corrections to qq¯ → tt¯. The need to go from NLO to
the full NNLO is acknowledged.
The ingredients to go one full order higher in perturbation theory are almost all known in analytic form [46–49]
and the remaining contributions can be computed numerically [50]. The one important missing ingredient is the
prescription to combine the contributions in an infra-red finite way. Several methods have been proposed [51–54],
but non of them have been proven to work for top pair production in hadron collisions so far. Obtaining these results
needs further theoretical developments.
From the experimental point of view the measurements are still statistically dominated, so with more data the
measurements will become more precise. Due to the fact that the LHC as a proton-proton collider and that the
initial state is dominated by gluons, measuring the asymmetry at this collider will be channeling at the least.
C. Discrimination Between s- And t-channel Events By CDF
Single top quark production has been firmly established with 5 standard deviations last year [55, 56]. At the
Tevatron only two of the three single top production channels contribute significantly, i.e. the s channel (with a cross
Proceedings of HCP2010 – Toronto
s-channel cross section [pb]
0 1 2 3 4 5
t-c
ha
nn
el
 c
ro
ss
 s
ec
tio
n 
[p
b]
0
1
2
3
4
5
Measured Peak
SM
68% C.L.
90% C.L.
95% C.L.
Z
=0.04 g
Ztu
 g
Ztu FCNC
|=0.2
ts
|V
=1TeVXm
Top Flavor
=250GeVpim
Top Piont-c
ha
nn
el
 c
ro
ss
 s
ec
tio
n 
[p
b]
 -1DØ 2.3 fb
(a)
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
s-Channel Cross Section σs [pb]
t-C
ha
nn
el
 C
ro
ss
 S
ec
tio
n 
σ
t 
[p
b] Best Fit
68.3% CL
95.5% CL
99.7% CL
SM (NLO)
SM (NNNLO)
CDF Run II Preliminary, L=3.2 fb-1
(b)
FIG. 2: Posterior probability for s- and t-channel single top production by the DØ (a) and CDF (b) collaborations. Figures
are taken from Ref. [24] and [23], respectively.
section around 1 pb) and the t channel (about 2 pb). The total single top rate measured at the Tevatron agrees very
well with the sum of the s- and t-channel cross section predictions.
For DØ also the discrimination between the s- and t-channel cross section agrees well within 1 sigma with the
theoretical predictions, see fig. 2(a). For CDF the situation is worse: the theoretical predictions are just outside the
95.5% C.L. contour, as can be seen in fig. 2(b). This discrimination is made using multi-variate techniques that use
as much information as possible from the event topologies [23, 24].
It is known that the t-channel process, see fig. 3(a), is difficult to model by Monte Carlo event generators due
to the initial state b quark. After showering of the events, the initial state b quark is modeled (in most cases) to
come from an gluon splitting into a bb¯ pair, for which the b¯ quark becomes a final state parton, which is called the
spectator-b in the following. When only using the 2 → 2 process as in fig. 3(a), the transverse momentum of the
spectator-b is greatly underestimated by the parton shower. This has been acknowledged and addressed by applying
a merging procedure for leading order 2 → 2 and 2→ 3 events [57]. There is much freedom in the precise choice of
the merging which can lead to a large spread in predictions for the spectator-b.
Recently, the NLO corrections to t-channel single top production in the 4-flavor scheme, i.e. starting from the
2 → 3 process, fig. 3(b), were performed [58, 59]. This calculation gives the distributions for the spectator-b quark
for the first time at NLO, and should therefore be considered the predictions to validate the merging procedure of
the 2→ 2 and 2→ 3 MC samples against.
Comparing the new predictions for the fraction of spectator-b quarks with large transverse momentum (pT >
20 GeV) and small pseudo rapidities (|η| < 2) it has been found that results from the matching procedure as used by
the DØ collaboration follows the NLO predictions quite well [60]. Unfortunately, for the Monte Carlo samples used
by the CDF collaboration, which are based on the ZTOP program [61], this ratio is about half the size as the NLO
prediction [62]. This means that CDF assumed that the t-channel events have only about half as many spectator-b
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FIG. 3: Lowest order Feynman diagrams for the t-channel single-top process in the five (a) and four (b) flavor schemes.
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quarks as predicted by NLO. Given that s-channel events have an extra b quark compared to the 2 → 2 t-channel
events, at first sight this discrepancy could explain the measured excess of s-channel events compared to t-channel
events: many t-channel events with a spectator-b quark in the data were assigned to belong to the s-channel cross
section. However, a careful improvement in the analysis by the CDF collaboration taking into account the new NLO
computation, shows that this effect on the discrimination of the s- and t-channel cross sections is negligibly small [62].
Therefore, even with the improved theoretical predictions the 2 standard deviations discrepancy remains.
If the 2-sigma effect persists or increases when more data is collected and analysed by CDF, experimental effort
to re-address the estimation of the uncertainties might be acknowledged. Also more theoretical work is needed to
further improve predictions, e.g. by matching the NLO t-channel single top calculation in the 4-flavor scheme to a
parton shower program following e.g. the MC@NLO [63] or POWHEG [64] methods.
III. CONCLUSIONS
There are three measurements in the top quark sector that are about 2 standard deviations away from its predictions
within the Standard Model:
• There is a small excess of events in the tail of the HT distribution. Possible explanations might be that for
the HT observable the tail of the distribution is known to be non-trivial to model using Monte Carlo event
generators. In particular, the uncertainty from higher order corrections can be large. However, if the effect is
truly there, a possible explanation is a fourth generation of quarks.
• The top quark charge asymmetry is found to be more pronounced than predicted by NLO QCD, which is the
first order to give a non-zero result. The question arises if higher order effects might be important here, and it
has been shown by using resummation techniques that this is probably not the case for the (soft) real emission.
However, given that at NLO the virtual corrections give a larger contribution than the real emission, also the
virtual corrections should be calculated at higher order to provide a prediction at high enough precision.
• The discrimination of s- and t-channel events in single top production by CDF. Even though in the Monte
Carlo predictions used in the CDF analyses there were half as many spectator-b quarks as compared to the
recent NLO calculation, it does not explain the difference with DØ nor with the theoretical predictions. There
is no understanding yet of this peculiarity.
On the other hand, these three 2-sigma deviations could very well be statistical fluctuations. It is therefore
important to see what this will give with more data, and what the LHC will tell is in the near future.
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